This study investigated the role of volume status and perfusion pressure on the hemodynamic response of cortical and medullary renal capillaries to systemic inhibition of nitric oxide. N'-Monomethyl-L-arginine (L-NMMA) was infused intravenously (15-mg/kg bolus and 500-pg min-l kgì nfusion), and blood flow in cortical capillaries (QCC) and in descending (QDVR) and ascending vasa recta (QAVR) was measured by fluorescence videomicroscopy in euvolemic and volume-expanded anesthetized Munich-Wistar rats. L-NMMA in euvolemic rats decreased vasa recta blood flow (IAQDVR, 3.97±0.80 nLjmin [P<.01]; AQAvR, 1.90±0.39 nL/min [P<.01]; n=6) and QCC (IAQCC, 0.57±0.15 nL/min [P<.01]; n=7) despite increases in renal perfusion pressure (RPP). Fractional excretion of sodium (FENa) remained unchanged. In volume-expanded rats, L-NMMA decreased vasa recta blood flow when RPP increased (AQDvR, 1.42±0.79 nL/min [P=.05]; AQAVR, 1.95±0.34 nL/min [P<.001]; n=9) or was held constant by partial aortic occlusion (/AQDvR, 1.19±0.45 nL/min [P<.05]; AQAvR, 1.44±0.40 nL/min [P<.1O]; n=8). QCC was unchanged by L-NMMA when RPP increased (AQcc, 0.27±0.20 nL/min; n=8) but decreased significantly by 0.61±0.11 nL/min (P<.01, n=8) when increases in RPP were prevented. FENa increased when RPP increased (AFEN., 2.47+0.51%; P<.001) and was held constant (AFENa, 2.64+0.46%; P<.001). In summary, systemic inhibition of nitric oxide increases blood pressure while decreasing Qcc and medullary capillary blood flow in euvolemic rats. In volume-expanded rats, L-NMMA again increases blood pressure but selectively decreases medullary blood flow without changing Qcc; Qcc decreased, however, when RPP was held constant. This study supports a role for nitric oxide synthesis in the regulation of Qcc and medullary blood flow and demonstrates that volume expansion allows increases in RPP to maintain Qcc but not medullary blood flow during inhibition of nitric oxide. (Circ Res. 1994;75:829-835.)
T he existence of an endothelium-derived relaxing factor released from the vascular endothelium was first described by Furchgott and Zawadzki' and has since been identified as the potent vasodilator nitric oxide.2 N0-Monomethyl-L-arginine (L-NMMA) and N0-nitro-L-arginine methyl ester (L-NAME) as analogues of arginine selectively inhibit synthesis of nitric oxide. Administration of sufficiently high doses of these inhibitors has been shown to elicit a sustained pressor response, suggesting that nitric oxide may affect peripheral vascular resistance and thereby play a role in the regulation of systemic blood pressure. 3, 4 Nitric oxide has been shown to act as a vasodilator in the vascular beds of the heart5 and lung.6 Furthermore, there is now evidence to support a role for nitric oxide in the regulation of renal hemodynamics (see Romero et a17 for recent review). Inhibiting nitric oxide synthesis has been reported to increase renal vascular resis-tance89 and decrease total renal blood flow (RBF)'0-"5 in the dog and rat, although the effect on glomerular filtration rate (GFR) appears less consistent. Some studies report a decrease in GFR""'3; others find no change.912 Regulation of glomerular arteriolar resistances by basal nitric oxide levels is supported by the vasoconstriction seen in afferent and efferent arterioles of both superficial cortical'6 and juxtamedullary17 nephrons when nitric oxide synthesis is inhibited. Cortical blood flow measured by laser Doppler flowmetry has previously been shown to decrease with systemic infusion of L-NAME. '8,19 Also using laser Doppler technology, Mattson et a120 demonstrated a selective decrease in medullary blood flow when L-NAME was infused directly into the medullary interstitium via a matrix.
Increases in renal perfusion pressure (RPP) resulting from the systemic pressor response to decreased nitric oxide production may, however, offset or compensate for these localized renal vasoconstricting effects. Because of the growing evidence that the medullary microcirculation is regulated independent from total renal and cortical blood flows2' and that the distribution of blood flow within the kidney influences renal function, pressure compensation for deficient nitric oxide synthesis could have important implications with regard to urinary sodium and water excretion. Volume status is important in this context, since Roman et a122 demonstrated that medullary blood flow exhibited greater pressure dependence when RPP was lowered from 150 to 100 mm Hg in volume-expanded compared with hydropenic rats.
Accordingly, the objective of the present fluorescence videomicroscopy study was to determine the role of volume status and perfusion pressure on the hemodynamic response of the cortical and medullary capillaries of the kidney to systemic inhibition of nitric oxide. The direct comparison of blood flow in the microcirculations of cortex and medulla was made possible by applying the videomicroscopy techniques previously used for measurement of blood flow in the vasa recta to the superficial capillaries of the cortex.
Materials and Methods

Animal Preparation
All experiments in the present study were conducted on young (5 to 6 weeks, 100 to 135 g body weight) Munich-Wistar rats purchased from Harlan Sprague-Dawley, Indianapolis, Ind, and fed a normal Purina rat chow containing 0.1 mEq sodium per gram. The animals were allowed free access to water but were deprived of food overnight immediately before the experiment; they were prepared for videomicroscopy as follows: They were anesthetized with an intraperitoneal injection of 100 mg/kg body wt Inactin (thiobutabarbitol, Byk Gulden) and placed on a thermostatically heated table to maintain rectal temperature at 36°C to 38°C. After tracheal cannulation with PE-200 tubing, three stretched PE-50 catheters were inserted into the left jugular vein for infusions. RPP was monitored via a PE-50 catheter inserted into the left femoral artery such that its tip was located in the descending aorta. Two intravenous infusions were started: (1) 2.5% inulin and 0.12% p-aminohippuric acid (PAH) in 0.9% isotonic saline at 20 ,uL * minm * 100 g body wt-' and (2) 5% bovine serum albumin (Sigma Chemical Co) in saline at 20 gL min'* 100 g body wt-l. Although the first infusion was given for the duration of all experiments, in the euvolemic studies the albumin infusion was given only for 1 hour during surgery to replace surgical losses. In the volume-expansion studies, the infusion of albumin was continued throughout the course of the experiment as the means of volume-expanding the rats. Urine samples for clearances were obtained by cannulating the right ureter. The left kidney was carefully freed from perirenal tissue and placed on a mineral oil-soaked cotton pillow in a Lucite holder so as to minimize motion artifact. Care was taken not to stretch the renal artery or vein. Young Munich-Wistar rats are commonly used in investigations of medullary hemodynamics because of their relatively long papillae, which extrude out of the renal pelvis into the ureter.23 24This papillary tip was exposed for the vasa recta studies by excising the ureter from the kidney. Recordings were made from two areas near the base of the exposed papilla. Except during vasa recta recordings, the papilla was covered with plastic cling wrap to prevent drying. In the cortical hemodynamic studies, capillaries were visualized from the surface of the kidney. Three rats in which the baseline vasa recta or cortical capillary blood flow was particularly slow or absent were excluded from the study because the kidneys may not have recovered fully from an earlier ischemia. On completion of the experiment, all animals were killed by air embolism while still under anesthesia.
Fluorescence Videomicroscopy of the Vasa Recta and Superficial Cortical Capillaries
Capillary blood flow was determined by measuring red blood cell velocity in vasa recta and superficial cortical capillaries visualized at a x 1000 magnification by means of fluorescence videomicroscopy. This method is based on the dualslit tracking technique as modified by Gussis et a123 for measurement of red blood cell velocity in the mammalian inner medulla. The methodology followed in these studies, including the fluorescein isothiocyanate (FITC) labeling of red blood cells25 and y-globulin, is fully described elsewhere. 24 Briefly, red blood cells were obtained by removing plasma and buffy coat from blood obtained from a donor rat and washed five times in buffered saline. The washed red blood cells were then incubated in saline for 1 hour at room temperature with a filtered solution of FITC (10 mg/mL FITC in buffered saline, 1N NaOH; pH 9.0). The red blood cells were again washed until no FITC was present in the supernatant and then resuspended at 1:1 in buffered saline. The y-globulin was labeled by first dissolving 60 mg bovine y-globulin in 2.5 mL buffered saline, then adding 40 mg FITC (10% on Celite), and incubating for at least 2 hours at room temperature. After centrifuging, the supernatant was run through a chromatography column to separate out the FITC-bound y-globulin; 0.2 mL of this FITC-bound y-globulin and 0.05 mL of the labeled red blood cells were injected intravenously midway through the 1 hour postsurgical stabilization period.
The papilla or cortex was illuminated with fluorescent light under the objective (magnification, x25; numerical aperture, 0.35) of an epifluorescence microscope (Leitz), and the image was transferred by a silicone-intensified television camera (C2400 Hamamatsu, Photonic Microscopy Inc) to a high-resolution monitor. The televised images of two areas of the microcirculation were each recorded for 2 minutes on videotape; the recordings were made during the first 5 minutes of both experimental periods and analyzed later as follows: Two photometric windows were positioned 7 to 26 ,um apart over a single vessel. Only flowing capillaries were measured, nontortuous vessels being selected in preference. Of these, only relatively straight regions of the vessel were studied. If a capillary was seen to have more than one branch, only the main branch or one of its subsidiaries was measured. At the base of the papilla, the vasa recta are generally straight and parallel, aiding vessel selection. The superficial cortical capillaries, on the other hand, form a more tortuous network. Care was taken that measurements were not made from different regions of the same capillary. Camera rotation enabled the monitor picture to be orientated such that the capillary region of immediate interest was situated vertically to enable measurement. Red blood cell velocity was calculated by means of a cross-correlation software package (model 204C, Instruments for Physiology and Medicine Inc) from the time delay between fluctuations in light intensity detected by the windows. The value typically represented an average of 200 or more velocity measurements per 2-minute period. Vessel diameter was also measured by means of a caliper (smallest division, 0.1 mm) from stopped-frame television images and corrected for the final magnification of the monitor image (x 1000). Mean vessel blood flow (VblI.d) was calculated by using the equation derived empirically by Zimmerhackl et a126 from studies in which blood of different hematocrits was perfused through quartz capillary tubes:
Vblood=0.88 VRBC-0.11 where VRBC is red blood cell velocity.
Single capillary blood flow (QC) of both vasa recta (QvR) and superficial cortical capillaries (Qcc) was then computed according to the following equation:
where D is capillary diameter (in micrometers).
Experimental Groups
The following groups of rats were studied.
Group la: Effect of L-NMMA Infusion on QVR in
Euvolemic Rats Without Control of RPP
The effect of L-NMMA infusion on RPP, GFR, effective renal plasma flow (ERPF), medullary blood flow, and renal excretory function was examined in group la rats (n=6). A minimum recovery time of 1 hour was allowed after surgery, after which a 13-,lL/min saline infusion was started intravenously, and 15 minutes later a 15-minute clearance was begun. A midpoint blood sample was withdrawn via the femoral artery cannula for plasma PAH and inulin measurements. The two selected areas of the papilla were recorded for 2 minutes each. On completion of the first clearance, L-NMMA was administered intravenously as a bolus injection of 15 mg/kg body wt followed by an infusion of 500 tg. min-l . kg body wt-. As before, 15 minutes after starting the L-NMMA infusion, a second clearance period was started, during which vasa recta recordings were made and a blood sample was collected. RPP was measured continuously throughout the experiment with a pressure transducer (model 156PC05GWL, Micro Switch).
Group Ib: Effect of L-NMMA Infusion on Qcc in Euvolemic Rats Without Control of RPP
For group lb rats (n=6), protocol identical to that of group la was followed, except that recordings were made of the cortical capillaries on the surface of the kidney rather than the vasa recta.
Groups 2a and 2b: Effect of L-NMMA Infusion on QVR and Qcc, Respectively, in Volume-Expanded Rats Without Control of RPP For groups 2a (n=9) and 2b (n=8), protocols identical to those of group la and group lb, respectively, were used, except that albumin was infused for the duration of the experiment as the means of volume-expanding the rats.
Groups 3a and 3b: Effect of L-NMMA Infusion on QvR and Qcc, Respectively, in Volume-Expanded Rats With Control of RPP For groups 3a (n=8) and 3b (n=8), protocols identical to those for group 2a and group 2b, respectively, were followed, except that increases in RPP resulting from L-NMMA infusion were prevented by means of a Blalock clamp placed around the abdominal aorta above the renal arteries.
Group 4: QVR Time Control in Euvolemic Rats
For group 4 (n=7), time controls were performed in euvolemic rats according to the group 1 protocol by maintaining the saline infusion during the second period in place of L-NMMA.
Groups Sa and Sb: QVR and QCC Time Controls,
Respectively, in Volume-Expanded Rats
For group 5a (n=6) and Sb (n=6), time controls were performed according to protocols identical to those of group 2a and group 2b, respectively.
Analyses
Inulin concentrations were determined by the anthrone method,27 PAH concentrations were measured according to Smith et al, 28 and sodium concentrations were measured by using ion-selective electrodes (Beckman E2A Analyzer, Beckman Instruments).
Statistics
All values are expressed as mean+SEM. For the estimation of capillary blood flow, 5 to 10 ascending vasa recta and 2 to 7 descending vasa recta or 5 to 11 cortical capillaries were measured per animal, with each vessel serving as its own control. The data were then averaged for each period, and from these averages the mean+SEM was calculated for each group.
Paired Student's t tests were used for intragroup comparisons. Intergroup comparisons were made between L-NMMA groups by unpaired Student's t tests with Bonferroni correction. Because the protocol was similar in cortical and medullary studies, the renal clearance data of parallel groups were combined. Comparisons were made between baseline values and between A values of both volume-expanded groups and the euvolemic group. Further comparisons were made between the cortical and vasa recta A hemodynamic values in each protocol regime. A value of P<.05 was accepted as the criterion for significance.
Results
The hemodynamic data are summarized in Table 1 . Average vessel diameter remained unchanged except in the descending vasa recta of group 3a, in which it decreased by only 1%. Thus, changes in QV paralleled those of the corresponding red blood cell velocity. As illustrated in the Figure, medullary blood flow was dissociated from the pressor response to L-NMMA during both volume expansion and euvolemia. Blood flow in descending and ascending vasa recta (QDVR and QAVR, respectively) each decreased by similar magnitudes in volume-expanded rats, regardless of whether RPP increased or held constant. Qcc, however, de- creased only when RPP was held constant; this is a similar pattern to the ERPF data obtained by PAH clearance ( Table 2 ). QDVR and QAVR likewise decreased significantly in the euvolemic rats; unlike the volumeexpanded studies, however, QCC also decreased despite an average increase in RPP of 18 mm Hg.
Compared with QC, L-NMMA had a significantly greater magnitude of effect on QAVR when RPP increased in volume-expanded animals. The magnitude of AQDvpR also tended to be greater than AQcc, although this failed to attain significance. Similarly, in the euvolemic rats, the magnitude of decrease in QDVR and
QAvR was significantly greater than that of QCC. There was no significant difference between either QDVR or QAVR and QCC in the RPP-clamped volume-expanded rats, although the vasa recta changes tended to be greater. Baseline capillary hemodynamic data did not differ significantly, except for the Qcc of euvolemic rats, which was significantly less than that for both volumeexpanded groups. The effects of L-NMMA infusion on renal clearance are summarized in Table 2 . In the volume-expanded groups, although the administration of L-NMMA significantly increased RPP when RPP was not clamped, partial aortic occlusion successfully prevented any change in RPP. ERPF was unchanged by L-NMMA infusion when RPP increased but decreased significantly by 24% (P<.05), when the rise in RPP was prevented. The fractional excretion of sodium (FENa) increased significantly and by a similar magnitude with L-NMMA, both when RPP increased and when it was held constant. Likewise, urine flow increased significantly by 58% in the group in which RPP increased and by 52% in the group in which RPP was held constant. GFR, as measured by inulin clearance, did not change significantly regardless of changes in RPP. Whereas RPP increased with L-NMMA infusion in the euvolemic group, ERPF and GFR both significantly decreased; urine flow and FENa were unchanged. The baseline values in the volume-expanded groups for RPP, PAH clearance, inulin clearance, urine flow, and FENa were similar, but with the exception of RPP, all were significantly lower in the euvolemic group.
Renal clearance and hemodynamic measurements remained stable over the time course of the experiments, as evidenced by a lack of significant change in time control experiments (data not presented).
Discussion The present study demonstrates that L-NMMA significantly decreases both medullary and cortical capillary blood flows in euvolemic rats despite a concomitant rise in RPP ( Figure) ; the magnitude of decrease was significantly greater in the medullary vasa recta. In volume-expanded rats, however, increases in RPP associated with L-NMMA had differential effects on the cortical versus medullary microcirculations; medullary blood flow again decreased in the absence of change in cortical blood flow. When increases in RPP associated with systemic administration of L-NMMA were prevented in volume-expanded rats, blood flow significantly decreased in both vasa recta and cortical capillaries, with the magnitude of effect tending to be greater in the vasa recta. Thus, the differential effect of inhibiting nitric oxide appears to be due to the microvascular response of cortical versus medullary microcirculations to increases in RPP more than to a differential effect of nitric oxide per se.
Several groups of investigators have provided evidence for nitric oxide synthesis in the kidney. Terada et a129 found in microdissected rat nephron segments that mRNA for nitric oxide synthase was predominately expressed in the inner medullary collecting duct, although it was also detected in other sites including the vasa recta. They further reported that vasa recta possessed significant quantities of soluble guanylate cyclase mRNA. Since nitric oxide increases cGMP levels by stimulating soluble guanylate cyclase, nitric oxide could regulate medullary blood flow through increases in cGMP levels in the vasa recta. Using cGMP levels as an index of nitric oxide levels, Biondi et a130 have previously demonstrated nitric oxide synthesis in the renal medulla. They found that acetylcholine increased cGMP formation in slices of the renal medulla, an effect prevented by L-NMMA. Nitric oxide may be synthesized in the renal medulla by metabolism of L-arginine in endothelial cells, as it is in the rest of the vascular system. In addition, studies on porcine renal epithelial cells have demonstrated they too have the necessary substrates and enzymes for synthesizing nitric oxide and that their production of cGMP is inhibited by L-NMMA. 31 The sites of the regulation of cortical capillary hemodynamics by nitric oxide include the afferent and efferent arterioles of superficial glomeruli, since Zatz and De Nucci'6 have demonstrated that L-NMMA increases the resistance of both arterioles. Furthermore, Ohishi et al17 have found that inhibiting nitric oxide elicited an angiotensin II-mediated vasoconstriction in juxtamedullary afferent and efferent arterioles in vitro. Because blood flow to the vasa recta is exclusively supplied by juxtamedullary glomeruli, it seems likely that L-NMMA may exert at least part of its influence on medullary blood flow through constriction of associated upstream arterioles. Nitric oxide may also exert its effect via pericytes that line the vasa recta. These pericytes are known to contain contractile filaments that, similar to smooth muscle, may induce relaxation through cGMPstimulated mechanisms.7 Using angiotensin II, Pallone32 recently provided the first direct evidence of localized constriction in outer medullary vasa recta, thus demonstrating the existence of constricting mechanisms intrinsic to the medulla. Through such mechanisms, nitric oxide may regulate vasa recta blood flow downstream from the glomerulus. Under euvolemic conditions, L-NMMA significantly decreased ERPF and GFR. This is in agreement with previous work in both rat12'3"6 and dog,14"8 in which inhibition of nitric oxide synthesis decreased RBF, an effect possibly mediated by angiotensin . 33 When RPP was not controlled in the volume-expanded rats, however, L-NMMA had no significant effect on ERPF or GFR (Table 1) , a finding consistent with that of Salom et al. 34 Because volume expansion tends to suppress the renin-angiotensin system, this may explain the difference between the euvolemic and volume-expanded groups. The fact that both GFR and ERPF were unchanged by the pressor response to L-NMMA in the volume-expanded rats indicates that the kidney retains its ability to autoregulate despite the inhibition of the vasodilating actions of nitric oxide. ERPF, however, decreased when L-NMMA was infused, and the associated rise in RPP was prevented. This is consistent with a shifting of the splay point on the RBF autoregulation curve when nitric oxide is inhibited, as reported by Beierwaltes et al.15 Blood flow to the kidney predominately perfuses the cortical circulation, with inner medullary blood flow constituting only 0.6% to 3% of total RBF.35 This explains why, although QVR decreased in all the L-NMMA treated groups, ERPF only decreased when QCC decreased. The fact that the QCC data parallels that of the PAH clearance supports the internal consistency of the study, since cortical blood flow forms the major component of total RBF. Further, it demonstrates that changes in superficial cortical capillaries parallel those of the deeper cortex. Majid et al,18 using laser Doppler technology to measure outer cortical blood flow in the dog, likewise found that at the same mean arterial pressures, infusion of L-NAME decreased cortical blood flow in parallel with RBF. With similar methodology, Walder et al'9 reported that both pressor and nonpressor doses of L-NAME decreased cortical blood flow, although these studies were conducted in indomethacin-pretreated rats.
Unlike the cortex, medullary blood flow has been reported to lack efficient autoregulation in the rat223637 and dog,38 with medullary blood flow increasing in parallel with increasing RPP. Mattson et a120 recently demonstrated that localized administration of L-NAME through a matrix into the medullary interstitium decreases medullary blood flow. Therefore, when associated with a rise in RPP, L-NMMA may exert opposing influences on medullary hemodynamics. As seen in the Figure, any tendency for papillary blood flow to rise in parallel with RPP has been effectively countered by the localized inhibition of renal nitric oxide synthesis. Thus, the results of the present study not only support the concept that nitric oxide may play a localized role in the regulation of medullary hemodynamics but further sug-833 gest that nitric oxide may be necessary for medullary blood flow to increase in parallel with increasing RPP. This is important, since alterations in medullary blood flow are believed to influence sodium and water excretion under various conditions, either by transmitting pressure to the interstitium or by regulating the interstitial hypertonicity of the medulla. For instance, the correlative study of Fadem et a139 compared the effect on renal function of three vasodilators: acetylcholine, bradykinin, and secretin. Although all three increased RBF similarly, natriuresis and diuresis only occurred with those vasodilators that simultaneously increased papillary plasma flow, ie, acetylcholine and bradykinin.
A role for medullary hemodynamics has also been proposed in pressure natriuresis/diuresis. GFR, RBF, and cortical blood flow are all efficiently autoregulated for changes in RPP above 80 mm Hg.40 Medullary blood flow, however, increases in parallel with increasing RPP22,36~38 and could thereby mediate pressure natriuresis/diuresis, possibly through increases in renal interstitial hydrostatic pressure2237; direct increases in renal interstitial hydrostatic pressure have been previously shown to induce a natriuresis through prostaglandinmediated mechanisms.41 A similar magnitude of natriuresis/diuresis was seen in volume-expanded rats regardless of whether RPP increased or was held constant. The absence of a pressure natriuretic component, together with the lack of pressure natriuresis in the euvolemic rats, may be explained by the concurrent inhibition and loss of pressure dependence of the medullary blood flow. This finding is consistent with Salom et al,34 who have reported that intrarenal L-NMMA infusion blocks pressure natriuresis in the dog, implicating nitric oxide as an important mediator of pressure natriuresis. In support of this finding, we have recently demonstrated that infusion of L-arginine in spontaneously hypertensive rats (SHR) restores both the blunted pressure natriuresis and impaired vasa recta hemodynamic response to increases in RPP. 42 The effect of inhibiting nitric oxide synthesis on natriuretic mechanisms appears to be dependent on the dose of inhibitor used. Lahera et al13 have reported in the rat that low doses of L-NAME decrease urinary sodium excretion in the absence of changes in blood pressure. At higher doses, however, L-NAME induces a significant natriuresis. The antinatriuretic effect of L-NAME is thought to be overridden by a pressure natriuretic response to the associated rise in systemic blood pressure. This finding is supported by the studies of Johnson and Freeman43 and Haas et al,44 in which the natriuretic response to systemic nitric oxide inhibition was significantly blunted by preventing the associated rise in RPP. It is interesting to note that preventing the pressure-mediated component did not in fact unmask an antinatriuretic effect of nitric oxide inhibition, since some residual natriuresis still remained in both studies. This is particularly relevant to the findings of the present study, in which the increased sodium excretion in volume-expanded animals proved not to be due to pressure natriuretic mechanisms. Similarly, the natriuretic response to L-NMMA in SHR is not pressuremediated, since it occurs despite the absence of an associated pressor response. 45 Nor was the natriuresis in the present study due to increases in medullary blood sion. Rather, the mechanism of this effect, which is contingent on the animal's volume status, is open to speculation. A direct effect of nitric oxide on tubular sodium and water reabsorption has been suggested by Radermacher et a146 in the isolated perfused rat kidney pretreated with a cyclooxygenase inhibitor. Another possibility is that natriuresis could result from extrarenal factors stimulated or released by the rise in systemic blood pressure, which, unlike RPP, was not controlled. For instance, the systemic pressor response to L-NMMA may have released atrial natriuretic peptide,47 which may in turn have elicited a natriuresis independent of changes in RPP. A decrease in sympathetic renal nerve activity due to the increase in mean arterial pressure would have had a similar etfect.
In conclusion, the present study demonstrates that systemic inhibition of nitric oxide increases blood pressure yet decreases both cortical and medullary capillary blood flows in euvolemic rats, the magnitude of decrease being greater in the medulla. Inhibition of nitric oxide in volume-expanded rats again increases blood pressure but selectively decreases medullary blood flow in the absence of changes in cortical blood flow. Preventing increases in RPP demonstrates this compensation of cortical hemodynamics to be pressure-mediated. Thus, in the presence of nitric oxide inhibition, volume expansion allows for increased perfusion pressure to maintain cortical but not medullary blood flow. The loss of pressure dependence in the medulla during nitric oxide inhibition may explain the lack of pressure natriuresis despite the pressor response to L-NMMA.
